The structure of the Himalayas in Nepal is characterized by underthrusting of the Indian lithosphere beneath the chain along the Main Himalayan Thrust (MHT). The MHT is affected by major earthquakes of M > 8 that have ruptured segments several hundred kilometres in length. The study of historical seismicity underlines the existence of a significant seismic gap between the 1905 Kangra and the 1934 Bihar-Nepal earthquake areas in Western Nepal. This contribution presents a numerical model of the interseismic deformation using the ADELI 2-D finite-element code. A parametric study has been performed to estimate the influence of the topography, the geometry of the flat-ramp-flat transition of the MHT and its rheology. The results of these runs are compared along three cross-sections of Eastern, Central and Western Nepal using various recordings of the active deformation of Nepal (neotectonics, microseismicity, GPS velocities, vertical displacement rates deduced from comparative levellings). The results of this study suggest: (1) a small amount of aseismic slip along the southern part of the MHT and (2) an abrupt change in geometry of the MHT between Central and Western Nepal. The stress build-up in Eastern and Central Nepal is produced by coupling of a bend (flat-ramp transition) of the MHT and a brittle-ductile transition at the foot of the ramp. In Western Nepal, on the other hand, stress build-up is only induced by a brittle-ductile transition located along the low-angle part of the MHT. This difference suggests the presence of a lateral ramp on the MHT to allow transition between the Central and Western Nepal geometries of the MHT. This change in MHT geometries between Central and Western Nepal is also clearly marked in the Himalayan relief: an abrupt decrease in altitude and incision between Central and Western Nepal.
I N T RO D U C T I O N
Half of the present-day convergence between India and Eurasia is absorbed through the Himalayas by underthrusting of the Indian lithosphere beneath the Himalayas and Tibet along the Main Himalayan Thrust (MHT) as suggested by seismic investigations (Zhao et al. 1993 ). This hypothesis is reinforced by the observation that Quaternary displacement along the Main Frontal Thrust, southern emergence of the MHT and the convergence rate estimated across the Himalayas by GPS are both estimated at 18-20 mm yr −1 , which suggests that nearly all the displacement between India and Tibet is transfer, at the geological scale, along the MHT. Many earthquakes have occurred along this basal detachment, the biggest reaching M > 8 (Kangra 1905; Bihar 1934) . Many studies (Bilham et al. 1995; Jouanne et al. 1999; Larson et al. 1999; Pandey et al. 1999) have shown that these earthquakes indicate the existence of a locked zone along the southern part of the Main Himalayan Thrust (underthrust of the Indian lithosphere beneath Tibet) which is released by M > 8 major earthquakes. Meanwhile, a 500-800 km long segment of the mountain range between Central Nepal and Dehra Dun in India, has probably not experienced a high-magnitude earthquake over the past 300 yr and possibly not since the 1255 event (Bilham et al. 1995) . Microseismicity and geodetic investigations both indicate that the Himalayas of Nepal are currently in an interseismic period during which stress and strain are building up. This stress accumulation will be released when a major seismic event occurs along the basal detachment between India and Tibet (MHT).
To gain a better understanding of present-day deformation of the Himalayas, interseismic deformation of the Nepalese Himalayas was simulated. Previous studies have already focused on the modelling of interseismic deformation (Bilham et al. 1997; Jouanne et al. 1999; Cattin & Avouac 2000 ) along a single cross-section. Larson et al. (1999) has already compared the deformation of Western and Eastern Nepal by using a dislocation model. The work described here focuses on the difference between several crosssections of the Himalayan belt in order to characterize the Main Himalayan Thrust geometry and mechanical behaviour for Eastern, Central and Western Nepal. The model boundaries were defined on the basis of geodetic displacements (GPS, levelling), microseismicity data and balanced cross-sections to determine belt geometry, coupled with the results of neotectonics investigations to define the Quaternary shortening rates along the frontal thrusts.
G E O L O G I C A L S E T T I N G O F N E PA L Thrust system geometry and long-term velocity
The geological structure of the Nepalese Himalayas is characterized by several north-dipping thrust faults ( Fig. 1) : the Main Frontal Thrust, the Main Boundary Thrust, the Mahabarat Thrust and the Main Central Thrust trending generally N120
• in Western Nepal to E-W in Eastern Nepal (Upreti & Le Fort 1999) . These thrust faults, with generally N-S transport direction (Brunel 1986; Mugnier et al. 2003) , are generally inferred to branch off the Main Himalayan Thrust, which marks the underthrusting of the Indian lithosphere beneath the Himalayas and Tibet (Zhao et al. 1993 ). Numerous structural cross-sections ( Fig. 2 ) have been made through the Himalayan belt. All of these sections suggest a crustal ramp, below a large-scale antiformal structure of the Lesser Himalayas and to the north of a synformal structure (Schelling & Arita 1991; Srivastava 82˚E  84˚E  86˚E  88˚E  90˚E   26˚N   80˚E  81˚E  83˚E  85˚E  87˚E  89˚E   27˚N   28˚N   29˚N   30˚N   31˚N   82˚E  84˚E  86˚E  88˚E  90˚E  80˚E  81˚E  83˚E  85˚E  87˚E  89˚E   26˚N   27˚N   28˚N   29˚N   30˚N   31˚N   NPJ0   TIBET   INDIA G a n g a p l a i n T h a k k h o l a G r a b e n 10 mm year −1 B a r i G a d F a u l t Figure 1 . Geological setting of Himalaya of Nepal and South Tibet and GPS velocities. Vectors expressed in the India fixed reference frame Wang et al. (2001) ; Jouanne et al. (2003) , have been estimated for the 1995-2000 period for the central and western Nepal by Jouanne et al. (2003) ; and for the [1991] [1992] [1993] [1994] [1995] [1996] [1997] period for the eastern Nepal by Wang et al. (2001) . Error ellipses are drawn for a 95 per cent confidence level.
& Mitra 1994; Pandey et al. 1999; DeCelles et al. 1998; Mugnier et al. 2003) . The comparison of these sections also indicates considerable differences. Though direct knowledge on the geometry is currently sparse, and therefore details of these sections highly questionable, two types of section are identified: the Western sections with a narrow upper flat (less than 50 km wide) and a shallow ramp (less than 20 km) and the Eastern sections with a large upper flat (more than 70 km wide) and a deep ramp (more than 20 km). Long-term displacement rates have been estimated from numerous studies (see, for example, Powers et al. 1998 . A shortening rate of the order of 16-21 mm yr −1 has been found. Quaternary displacements are mainly localized along the more frontal thrusts where the displacement rate deduced from the uplift of Holocene terraces is 21.5 ± 2.5mm yr −1 in Central Nepal (Lavé & Avouac 2000) , 19 ± 6mm yr −1 (Leturmy & Mugnier 1998; Mugnier et al. 2003) in Western Nepal, 15 ± 3 mm yr −1 in Western India (Wesnousky et al. 1999) . This increase in shortening rate towards the east agrees with the location of the rotation pole between India and Eurasia (27.3 • N, 23.0 Wang et al. 2001) , which predicts an eastward increase of convergence rate along the Himalaya.
Seismicity
The high magnitude of Himalayan earthquakes (1905, 1934 and 1950) seems to be due to ruptures along the Main Himalayan Thrust (Molnar 1987) . During these events, 200-300 km long segments along-strike and 60-100 km down-dip of the MHT (Pandey & Molnar 1988 ) are affected by coseismic displacements of 3-10 m (Molnar 1990; Bilham et al. 1995; Avouac et al. 2001; Mugnier et al. 2003) . The location of the rupture areas of these large earthquakes shows a gap along the mountain range between the 1905 Kangra event in India, west of Nepal, and the 1934 BiharNepal earthquake. This region has not experienced such an earthquake probably over the past two centuries and possibly since the huge 1255 event (Bilham et al. 1995) . Intermediate-magnitude events (M ∼ 5-7) recorded in the Himalayan-Tibet area occurred at shallow depth (10-20 km) and present focal mechanisms demonstrating the activation of thrust planes gently dipping to the north (CMT solutions, Singh 2000) . A detailed study of the M = 6.6 Uttarkashi earthquake (Cotton et al. 1996) , west of Nepal, indicated that this seismic event was initiated at a depth of 12 ± 3km south of the Great Himalayas and corresponded to a southward propagation of the rupture along a 20-25 km segment of the MHT. Detailed analysis of medium-scale microseismicity demonstrates the existence of several distinct clusters (Pandey et al. 1999) : in Western Nepal (between longitudes 80.5
• E and 82.5
• E) the seismic cluster is oriented N118
• E, in Central Nepal (between 82.5 • E and 86.5
• E) N108
• E and in Eastern Nepal (between 86.5 • E and 88.5 • E) N95
• E. The projection of these microseismic events along crosssections reveals a noticeable change in shape of the clusters between Central and Western Nepal (Pandey et al. 1999) , the Central Nepal cluster has a rounded form and its centre is located near the flatramp transition of the MHT, whereas in Western Nepal the cluster is elongated and nearly horizontal.
Present-day deformation
Since 1991, several GPS networks have been installed in Nepal: the Colorado University (CU) network (Bilham et al. 1997; Larson et al. 1999; Wang et al. 2001 ), the IDYL 1995 -1997 -2000 networks Jouanne et al. (1999 Jouanne et al. ( , 2003 and the LDG network 1995 -2000 Avouac et al. (2001 ; Jouanne et al. (2003) . These networks have been designed to quantify the present-day deformation across the Himalayan range with points installed from the Ganga plain in the Indian lithosphere to the Tibetan plateau north of the High Range. The CU and the IDYL-LDG networks are linked with seven common points. In this study, focused on the present-day displacements simulation of the Himalayas, we have performed a synthesis of the CU and IDYL-LDG velocity fields. To perform the synthesis of these results and to obtain a readable map, we have expressed the two velocity fields in the India fixed reference frame by subtracting vectors predicted by the Eurasia/India rotation pole from the measured velocity vectors. This transformation has been applied to the Wang et al. (2001) and Jouanne et al. (2003) , velocity fields. This rotation pole (28.5N, 22.1
• E, rotation 0.4 deg Myr −1 ) simulates the displacements, in the Eurasia fixed reference frame, of IISC, Southern India, BRW0, KRN2, MAH0, NIJ0 and NPJ0 in the Ganga plain (Fig. 1) .
As shown on Fig. 1 , for the seven points common to both networks, there are no significant differences between the two studies, and then no significant distortion between the two velocity sets.
The velocity field (Fig. 1) shows a virtually north-south shortening across the chain, and a progressive attenuation of the displacement towards the south, compatible with strain induced by ductile displacement along the northern part of the MHT, locked south of the High Range Bilham et al. (1997) ; Larson et al. (1999) ; Jouanne et al. (1999 Jouanne et al. ( , 2003 . The interseismic displacement pattern and the microseismic distribution are both consistent with segmentation of the MHT particularly between Western and Central Nepal (Jouanne et al. 1999; Larson et al. 1999) . Vertical components of the interseismic displacement field have also been quantified by levelling comparisons along a line crossing the chain at the Katmandu longitude (Jackson & Bilham 1994 ). Vertical displacement rates, expressed with reference to the Ganga plain, indicate a current uplift of the high chain reaching 6 mm yr −1 , but also suggest active displacements along frontal thrusts inducing localized uplift. This last observation suggests that aseismic displacements occurred along frontal thrusts and that the southern part of the MHT may be only partially locked during the interseismic period. Nonetheless, the major seismic events along the Himalayas since the 19th century have released more than 70 per cent of the crustal strain over that period, suggesting that aseismic slip on the MFT cannot account for more than 30 per cent of the total slip . 
Uplift and topography
The Main Himalayan Thrust is the main structure responsible for recent uplifts (Lavé & Avouac 2002 ) and topography and incision of areas undergoing current deformation is a good marker for longterm vertical displacements (Masek et al. 1994) . Topographic profiles made perpendicular to the ranges are compared (Fig. 3 ) in order to illustrate vertical displacement variations along the belt that reveal changes in the geometry of the MHT. The topographic profiles are extracted from a 30 arcsec arc MNT over a 50 km wide stretch perpendicular to the Himalayan front. The maximum, minimum and mean elevations have been extracted as well as incision profiles (the difference between maximum and minimum elevation) for Eastern, Central and Western Nepal. This analysis shows that for Eastern and Central Nepal, maximum elevation increases suddenly from 0 to 8500 m in an area less than 100 km wide. In the high belt, the mean elevation reaches 5500 m and the incision is greater than 6000 m. The only difference between Eastern and Central Nepal is the presence in Central Nepal of 2000 m elevation mounts in the Himalayan front. In Western Nepal, the elevation does not increase as much, reaching 7500 m in less than 200 km. The mean elevation reaches 5500 m just as in Eastern and Central Nepal. The maximum incision only reaches 4500 m, i.e. 1500 m less than in Eastern and Central Nepal. Moreover, the incision is distributed over a much wider zone in Western Nepal than in Central Nepal. Indeed, the incision area above 2500 m extends over 100 km for Western Nepal and only 60 km for Central Nepal. The major observation is the reduction in maximum elevation (1000 m) between Central and Western Nepal, and especially the big difference in incision between Eastern-Central Nepal and Western Nepal. This is reflected in a softer relief in Western Nepal and confirms the segmentation of geology and deformation observed with microseismicity and GPS measurements.
S I M U L AT I O N O F I N T E R S E I S M I C D E F O R M AT I O N
To model interseismic deformation of the Nepal Himalayas, the ADELI 2-D finite-element code (Hassani 1994; Hassani et al. 1997) was used. This code was modified to integrate topography and variations in friction coefficient on a discontinuity.
Based on an analysis of seismicity, geodesy and topographical data, Nepal was divided into three distinct zones corresponding to the zones defined by microseismicity, between longitude 89
• E and 87
• E for Eastern Nepal, 87
• E and 83
• E for Central Nepal, and between 83
• E and 80
• E for Western Nepal. For each of these three models, a 700 km long and 200 km depth section was considered in order to cover the entire deformation and to minimize boundary effects. These sections made perpendicular to the earthquake swarm follow a 0
• E, 14
• E and 20
• E direction, respectively, for Eastern Nepal, Central Nepal and Western Nepal.
Each model includes the mean topography calculated above from the DEM, is meshed with 4 km wide triangular mesh, is loaded with gravity body forces and is subjected to the following boundary conditions ( 
Rheological behaviour
Three geological domains were taken into consideration: Indian crust, Tibetan crust and upper mantle. The rheologies of these three blocks were assumed to be homogeneous along the models and similar for Eastern, Central and Western Nepal.
Crustal rheology
Elastic domain. At low stress the crust is assumed to deform elastically. A classical linear relation between strain rate d and stress rate tensor is adopted,
where I is the second-order identity tensor and tr is the trace operator. Dσ /Dt is the Jaumann time derivative of the Cauchy stress tensor used to ensure the objectivity of such a law within the framework of finite strain. This derivative is defined as follows:
where ω is the rotation rate tensor. λ and G are the Lamé parameters, which are linked to Young's modulus, E, and Poisson's ratio, ν. For crustal rocks, these two elastic properties range between 10 and 100 Gpa for E and 0.2-0.3 for ν (e.g. Turcotte & Schubert 1982) . In this study and for the results presented below, a mean value of 0.25 is chosen for ν and a value of 90 Gpa is taken for E (see Table 1 ).
Elastoplastic domain. The elastic behaviour only holds for a given stress range defined by a yield criterion f :
In order to take into account the increase in yield strength with pressure a Drucker-Prager criterion was chosen,
where
is the mean pressure
is the deviatoric stress intensity, and
where dev σ is the deviatoric part of σ (dev σ = σ − I 1 (σ )), ':' is the contracted product of two second-order tensors, c is the cohesion, φ is the friction angle, which is a function of the plastic strain intensity κ. In addition, the plastic flow rule giving the plastic strain rate d p is defined through a plastic potential g,
and θ = 6 sin ψ 3 − sin ψ with λ p being the plastic multiplier and ψ the dilatancy angle.
In our linked geological and geodetic models, the Indian and Tibetan crusts are assumed to obey this elastoplastic behaviour, and we have not investigated model sensitivities to rheological assumptions. Typical values for cohesion and friction angle are listed in Table 1 . Regarding the Tibetan crust, the depth of the northern face of the model (80 km) could suggest a viscous rheology in order to take into account the temperature effect at depth. However, the temperature gradient in the Siwaliks ranges is very low (20 deg km −1 , Agarwal et al. 1994) and there is very little to constrain gradient in the southern part of Tibet (no measurements are available for December 9, 2003 19:2 Geophysical Journal International gji2038 102 B. Antoine et al.
southern Tibet north of the studied area). Moreover, if there is a high heat flow in southern Tibet, this area is outside of our principal interest zone (from the Ganga plain to 150 km from the MFT). We use a mean elastoplastic rheology for the entire Tibetan crust to take into account the low heat flow value of the Siwaliks.
Upper-mantle rheology
The rheology of the uppermost mantle is well described by the strainrate-dependent power law. For the sake of simplicity a linear fit was chosen for this law, i.e. Maxwell's viscoelastic law, where the only new rheological parameter is the viscosity η,
Typical values of Young's modulus E, Poisson's ratio ν and viscosity η for the upper mantle are used and listed in Table 1 . Although the viscosity is strongly dependent on temperature, a uniform viscosity was chosen in order to keep the model suf- ficiently simple and easy to interpret. Since the mantle part of the model includes the lithospheric mantle and part of the asthenosphere (Fig. 4a) , a mean viscosity of 10 23 Pa s −1 is used. This value is probably too low for the mantle lid, but is too high for the asthenosphere .
Main Himalayan thrust
Fault behaviour. The frictional contact behaviour between two deformable bodies is assumed to follow the Coulomb law:
where σ T and σ N are the shear stress vector and the normal stress, respectively, on the contact interface (the fault). When sliding occurs, the shear stress vector is given by
where v T is the sliding velocity vector.
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The only material parameter is the friction coefficient µ, which can vary along the fault. The convergence between India and Tibet is absorbed along the MHT, which allows underthrusting of the Indian lithosphere beneath the Himalayas and Southern Tibet (Zhao et al. 1993) . The simulation must then express the displacement along the MHT and then include the variation in friction ratio along this discontinuity. As the friction ratio is dependent on the depth in the brittle domain and on temperature in the ductile domain, a friction ratio was considered which varies on the MHT (Fig. 4) from: (1) an almost zero value at the Himalayan front to a high value at the foot of the ramp to simulate an increase in the lithostatic load; (2) a high value at the foot of the ramp to a zero value along the northern flat to simulate a brittle-ductile transition;
(3) and a zero value under Tibet and High chain to represent free aseismic slipping along the MHT, which is assumed to be a ductile shear zone at these P and T conditions. This change in friction ratio along the MHT induces a locked zone just north of the crustal ramp and on the southern flat along which the displacement along the MHT is almost zero. This area coincides, at least partially, with the large earthquake rupture zone.
Since our interest is the interseismic period, an initial steady-state solution corresponding to 50 per cent of the loading process is first computed. Shortening is implemented during the last 50 per cent of calculations and averaged instantaneous displacements are plotted on the profile with the Himalayan front as point of origin.
To obtain a better understanding of the interseismic deformation as revealed by geodetic displacements and seismic activity, about 500 different simulations were tested for these three crosssections, corresponding to different ramp positions, slopes, friction ratio of the MHT, the aim being to find solutions that fit the observed displacements and for which the maximum deviatoric stress accumulation zones are compatible in form and location with the microseismicity clusters assumed to reflect a stress accumulation. In a first result, the model highlights a stress field in agreement with the contrast between Tibet (extensive deformation) and Himalayas (compressive deformation) (Fig. 5) 
Eastern and Central Nepal model

Initial models for Eastern and Central Nepal
The initial model used for Eastern and Central Nepal resumes the flat-ramp-flat geometry (Brunel 1986; Schelling & Arita 1991; Pandey et al. 1999 ) of MHT (Fig. 4) including a northern flat with 7
• dip, a ramp with 30
• dip, and a southern flat with 5
• dip. For Eastern Nepal, the dip of the Northern flat was estimated using the seismic INDEPTH profile (Zhao et al. 1993 ) and the crustal ramp is assumed to coincide with the earthquake swarm, i.e. between 75 and 95 km from the Main Frontal Thrust. Indeed, if reference is made to the Central Nepal cross-section (Pandey et al. 1999) , the earthquake swarm is found to be located at the ramp foot, spreading over the entire ramp. For Central Nepal, the ramp is 10 km further south (between 65 and 85 km from MFT) in accordance with the earthquake swarm and the regional cross-sections (Schelling & Arita 1991; Pandey et al. 1999) . Finally, a topographic profile, made between 87
• E and 88
• E longitudes along a north-south line for Eastern Nepal and between 85
• E and 86
• E longitudes along 14
• N line for Central Nepal, was taken into account in the surface model. As shown on Fig. 4 , an elastoplatic rheology was used for the Tibetan and Indian crust and a viscoelastic rheology for the mantle. A velocity was imposed on the southern face: 20 mm yr −1 for Central Nepal and 21 mm yr −1 for Eastern Nepal. A locked normal velocity was imposed on the northern face of Tibet and at the base of the mantle, and a hydrostatic pressure on the northern face of India and the mantle. southern and northern ends (Figs 6 and 7) , an increase along the crustal ramp from 0.3 to 0.4 and a considerable decrease in the friction ratio from 0.4 to 0 near the flat-ramp connection (Figs 6 and 7), suggesting the existence of ductile displacement along the MHT a few kilometres from the crustal ramp. Finally, to be in agreement with the location of the microseismicity cluster, a brittle-ductile transition of 10 km width (instead of 25 km initially) is necessary to simulate a stress accumulation zone centred on the foot of the ramp (Figs 5c and d) .
Influence of the dip of the ramp and of northern flat. To validate the new friction model, the influence of MHT geometry on the horizontal velocities was tested. For this purpose, the ramp angle and the northern flat angle were varied between 15
• and 40
• and between 5
• and 7
• , respectively. The results (Figs 8 and 9) show that the north-south absorption of velocities is positively correlated with the dip of the ramp and inversely proportional to the value of the northern flat angle. Moreover, 30
• for the ramp angle seems to be the best value, thus confirming the initial value inferred from the classical works concerning ramp geometry. On the other hand, for the northern flat angle, the calculated velocities are closer to the measured values with an angle of 5.5
• in Central Nepal and 7
• in Eastern Nepal.
Preferred models for Eastern and Central Nepal
After 150 simulations, to explore the influence of northern and southern flat geometry, the dip of the ramp, and the variation in friction ratio along the MHT, the final solutions (Figs 10 and 11 ) present a northern flat with a 7
• dip angle for Eastern Nepal and 5.5
• angle for Central Nepal, a crustal ramp south of the high chain with a 30
• dip angle, and a southern flat below the Lesser Himalayas and Siwaliks with a 5
• dip angle. The displacement is not totally locked along the upper flat of the MHT as clearly illustrated by the uplift recorded and simulated to the north of the Main Frontal Thrust, the emergence of the MHT (Fig. 11b) . The displacement along the MHT is mainly locked by the ramp-northern flat geometrical transition of the MHT. The simulated deviatoric stress accumulation is in good agreement with the microseismicity cluster located near the northern flat-ramp transition (Figs 5c and d ).
Western Nepal model
Initial models for Western Nepal
The initial model of Western Nepal was initially based on the MHT geometry of DeCelles et al. (1998) . This geometry uses a long flat all along the MHT with a 5
• slope on the southern part and a 7
• slope on the northern part (Fig. 12) . There is no major crustal ramp on this model but only two small ramps 5 km wide with a 30
• slope, 48 and 98 km from the front. As for Central Nepal, no geophysical data were available for determining the slope of the MHT flat. Consequently, the INDEPTH value of Eastern Nepal (Zhao et al. 1993 ) was taken as a starting point. A mean topographical profile, made between longitudes 87
• E along a 20
• N line was taken into account. Finally, the same rheology and boundary conditions as the Eastern and Central models were used, i.e. an elastoplastic rheology for the Tibetan and Indian crust and a viscoelastic rheology for the mantle (Fig. 12) . A 20 mm yr −1 velocity was imposed on the southern face, a locked normal velocity on the northern face of Tibet and on the . Crustal ramp influence on calculated horizontal velocities for western Nepal. GPS horizontal velocities has been measured by Jouanne et al. (2003) expressed in the India fixed reference frame with 95 per cent confidence error bars.
base of the mantle, and a hydrostatic pressure on the northern face of India and on the mantle.
Influence of MHT geometry
In order to validate the initial model geometry, the influence of MHT geometry was tested, and especially the importance of small crustal ramps. Three possibilities were tested, the first with two ramps, the second with one ramp (48 km from the front) and the third with no ramp on the MHT. Fig. 13 shows that the presence of a ramp 98 km from the front (initial model) has little influence on the calculated horizontal velocities. Conversely, a lack of ramps induces too small a decrease in horizontal velocities and does not give good simulation of GPS measurements. As regards deviatoric stress accumulation (Fig. 5e) , it can be seen that the presence of a second ramp 98 km from the front induces a little disturbance with two stress lobes on each part of this ramp. This result is not in agreement with the regular shape of the microseismicity cluster, and this is why preference was given to the model with only one ramp 48 km from the front. This model is also close to the thrust geometry inferred by DeCelles et al. (2001) or Mugnier et al. (2003) .
The influence of northern flat dip angle was also tested (Fig. 14) . In this case, the dip angle was varied between 5
• and 9
• . The horizontal displacement is weakly sensitive to the dip angle variation, at least for the zone located at a distance greater than 100 km from the front. Nonetheless, a steep dip angle induces low absorption of velocities south up to 100 km from the front. The best result is obtained with a 6
• dip angle.
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Influence of friction on MHT
This modelling process has shown that friction along MHT has a significant influence on horizontal velocities (Fig. 15) . Indeed, from the initial model, it appears that velocities decrease and locked slip is controlled by the brittle-ductile transition between 105 and 115 km from the front. However, the value of friction ratio and width of this transition is very important for the absorption of deformation in agreement with GPS measurements. Fig. 15 shows that the initial 10 km width of the brittle-ductile transition is not sufficient for satisfactory absorption. It also indicates that, even with a 20 km wide transition (between 105 and 125 km from the front), a nonzero friction ratio must be applied at the end of this transition.
Final model for Western Nepal
The best model obtained for Western Nepal is the result of an extensive study of different parameters such as the MHT geometry and the friction ratio of the brittle part of MHT. The final model is quite different from the initial model (Fig. 16) . It was obtained using a MHT geometry with only one small ramp 45 km from the front. The slope of the two flats is not particularly different (5
• for the southern flat and 6
• for the northern flat). The most significant variation relates to the friction ratio under the high belt. Indeed, the brittle-ductile transition is very important in order to obtain a good simulation (see the influence of friction on MHT). This final model presents a wider brittle-ductile transition between 105 and 125 km from the front instead of 105-115 km, with a non-zero friction ratio at a distance of 125 km. The maximum friction ratio reaches 0.42 at 105 km from the front instead of 0.4 initially. Deviatoric stress accumulation (Fig. 5) is well in agreement with the nearly horizontal microseismicity cluster located on the northern flat at a distance of ∼100 km from the front Therefore, it is suggested that this deviatoric stress accumulation and convergence absorption are mainly due to the brittle-ductile transition.
D I S C U S S I O N
Previous studies illustrate that, using a finite-element code, it is possible to obtain geometrical models that simulate interseismic deformation of subduction (Hassani et al. 1997) or subduction-like zones . Referring mainly to active deformation, the present study aims to highlight differences in present-day deformation and MHT geometry between the three zones of Nepal that show distinct geological settings and distinct patterns of active deformation (GPS measurements, levelling, seismicity, active fault, etc.) .
Modelling indicates that the differences between Eastern and Central Nepal are really poor. The crustal ramp position is nonetheless offset by ∼10 km, a result already inferred from geological evidence in the initial stage of the modelling. A dip of 6
• nearly fits the data set, though the dip angle of the MHT northern flat may be slightly greater in Eastern Nepal than in Western Nepal. These results indicate that Eastern and Central Nepal are bound by the same deformation mode, in order to be in agreement with the microseismicity cluster, and stress accumulation at the foot of the ramp is possible only with a narrow (∼10 km wide) brittle-ductile transition (Fig. 5 ). This indicates that stress accumulation and locked slipping of the MHT southern flat are caused by coupling of a fault bend (the flat-ramp transition) and a brittle-ductile transition close to the foot of the ramp (less than 10 km to the north). This proximity of the two causes are in agreement with the narrow and rather rounded (in cross-section) microseismicity clusters. In the case of Western Nepal, in view of the DeCelles et al. (1998) MHT geometry without a major crustal ramp, we initially used a geometry with two small ramps on MHT 48 and 95 km from the front.
The modelling results show that the presence of a ramp 95 km from the front induces a disturbance of the accumulated stress area that is not in agreement with the microseismicity cluster (Fig. 5) , and a model without a small ramp does not simulate the horizontal velocities well. Only the model with a ramp 48 km from the front gives results in agreement with all active deformation markers. Recently, DeCelles et al. (2001) proposed a balanced cross-section for Western Nepal with only one small ramp 42 km from the front, which agrees with our final geometry. Our results show that a brittle-ductile transition, more than 20 km wide and far (more than 30 km) from the foot of the ramp, is very important for obtaining a decrease in horizontal velocities (Fig. 15) . Our results also indicate that a stress accumulation is only obtained, in the absence of a large-scale crustal ramp along MHT, with a wide brittle-ductile transition zone. All of these results confirm that the elongated microseismicity cluster, locking of velocities and deformation in Western Nepal are mainly induced by a wide brittle-ductile transition located along the northern flat of the MHT. Dragert et al. (1994) already pointed out that a wide transition zone develops between the locked and the stable sliding zones of an interplate megathrust. This transition zone may be more precisely defined as the transition from seismogenic velocity-weakening to stable-sliding velocity-strengthening behaviour, and is a part of the seismogenic domain.
During the interseismic period, the attenuation of the sliding in the transition zones occurs by microseismic events and also probably by creeping.
Moreover, most of the intermediate scale (M ∼ 5-7) seismic events of Nepal occur in western Nepal (Fig. 2) . They could either develop along the brittle-ductile transition or south of the transition zone. Cotton et al. (1996) points out that the Uttarkashi earthquake in India (M w = 6.8, 1991), located 95 km from the front at a depth of 10-15 km and in the continuity of microseismicity cluster of farWestern Nepal, was caused by a rupture on the portion of the MHT located south of the ductile zone.
The final geometry of the Western Nepal model (no major crustal ramp but a small ramp 48 km from the front and a 6
• -8
• dip angle for MHT northern flat) gives rise to considerable differences in geometry compared with the models of Central Nepal (major crustal ramp 75 km away, 5.5
• dip angle for MHT northern flat) and Eastern Nepal (major crustal ramp 85 km away, 7
• dip angle for MHT northern flat). This difference in MHT geometry induces many lateral structural complexities: (1) a difference in dip angle for the northern flat involves lateral discontinuities of the Indian crust because the MHT is not located at the same depth in area; (2) crustal ramps of Eastern and Central Nepal are not located the same distance from the front; and (3) the MHT geometry between Central and Western Nepal is significantly different.
The geological and deformation pattern gives some clues for a better assessment of the lateral complexities of the MHT. Microseismicity can be segmented into three distinct zones (Eastern, Central and Western Nepal), an abrupt change in maximum elevation (break of 1000 m), a considerable difference in incision (more than 1500 m) between Central and Western Nepal, and a considerable difference in the drainage pattern (Van der Beek et al. 2002) . The abrupt change in geology and relief of the High Himalayas between Central and Western Nepal suggests the presence of lateral ramps on a basal detachment to accommodate the transition of each geometry. These lateral ramps may be the consequence of dislocation of the Indian crust (Faizabad ridge) parallel to the dip orientation of the Indian crust (Raiverman et al. 1983) . Fig. 17 , based on the combination of geological segmentation and MHT geometry difference in the final models, gives a 3-D sketch of the lateral variation of the Main Himalayan Thrust. This 3-D hypothesis induces: (1) dislocation of the Indian crust by a different dip angle of the MHT northern flat and (2) the likely presence of lateral ramps to accommodate the transition between each northern flat segment and geometry with or without a major crustal ramp.
C O N C L U S I O N S
Modelling of interseismic deformation of the Himalayas in Nepal has confirmed the role of the major crustal ramp which affects the MHT. This crustal ramp has a dip close to 30
• . On the other hand, its location with respect to the front, its extension and the flat dip seem to vary for the three zones of Nepal (east, centre and west) defined by geological observations. For Eastern and Central Nepal, the MHT presents a flat-ramp-flat geometry similar to the structural model proposed by Brunel (1986) . Differences between both these zones are trivial (position of crustal ramp and difference of 1.5
• ± 1 • for the northern flat dip angle). In these two areas, stress accumulation is caused by coupling of a bend on the MHT (flat-ramp transition) and a brittle-ductile transition close to the foot of the ramp. For Western Nepal, MHT is characterized by a long flat (7
• ± 1 • dip angle) with a small ramp 48 km from the Himalayan front. This ramp lies totally in the brittle zone, and stress accumulation is caused by a 25 km wide brittle-ductile transition between 105 and 122 km along the lower flat of the MHT.
For the three areas, the brittle-ductile transition which occurs between 22 and 25 km depth is in agreement with the brittle-ductile transition for continental lithosphere proposed by Le Pichon & Chamot-Rooke (1991) and with the thermic simulation by Cattin & Avouac (2000) .
Modelling and geological data suggest that interseismic deformation (i.e. between major earthquakes (M ∼ 8) of the Himalayas in Nepal) is characterized in Western Nepal by intermediate earthquakes (M = 5-7) located between the northern limit of microseismicity clusters and the Himalayan front. They are caused by ruptures a few kilometres wide along the basal detachment (25 km for the M = 6.8 Uttarkashi earthquake of 1991, Cotton et al. 1996) between the brittle-ductile transition and the foot of the crustal ramp. Therefore, these earthquakes are simply local stress adjustments and do not lead to release of the entire accumulated deformation over interseismic time. For the three areas, the interseismic deformation is also characterized by a small amount of aseismic slip along the southern part of the MHT, which allows us to simulate the uplift affecting the frontal folds during interseismic period as revealed by levelling comparisons, and to understand the existence of aseismic deformation as revealed by structural investigations.
These observations highlight the main difference between earthquakes of intermediate magnitude and those of magnitude (M o ) greater than 8. The high-magnitude earthquakes are caused by a rupture more than 200 km long and 100 km wide (Molnar 1987; Bilham et al. 1995) , i.e. the entire locked zone of the Main Himalayan Thrust from the ductile zone to the Himalayan front. Consequently, the presence of intermediate earthquakes in the Western seismic gap (west of Katmandu in far Western Nepal) cannot rule out the possibility of major ruptures in Western Nepal.
